Introduction
Opportunistically hunting apex predators such as the large cats will hunt every prey animal that is encountered and their survival is therefore dependent on prey abundance and geographic distribution, which are a reflection of habitat quality through environmental conditions such as rainfall and ambient temperature (Coe, Cumming & Phillipson 1976; Sunquist & Sunquist 2002) . Consequently, the size and location of a conservation area will affect its ability to support genetically viable populations of leopards, Panthera pardus. Range use by the females of large solitary felids depends on prey abundance and distribution whilst that of males depends on the geographic distribution of females and is a product of social behaviour (Sunquist & Sunquist 2002) . It is therefore expected that the ranges of the leopard in semi-arid and arid regions will be larger than in mesic ones and that behavioural adaptations such as range use overlap between adult males may impact on viable leopard conservation area size, because if the ranges of the leopards did not overlap, as happens in many mesic regions, it would require larger conservation areas to sustain a genetically viable leopard population. In the prey-rich equatorial forests at the edge of the Chitwan National Park in Nepal, for example, the ranges of adult male leopards are exclusive and small (mean size: 10 km 2 ) (Seidensticker, Sunquist & McDougal 1990) , whilst in the savannas of the more semi-arid Kruger National Park the ranges are larger (mean size: 25 km 2 ) and there is a mean overlap of 19% in range use by the adult males (Bailey 1993) . In the most arid, south-western part of the Kgalagadi Transfrontier Park the ranges of leopards are the largest recorded globally, but range use overlaps and core area range use sizes were not indicated by Bothma et al. (1997) . Because leopards are socially solitary animals, it is also expected that an adult male will only make contact with an adult female when she is in oestrus.
According to Prof. B. Jansen van Vuuren (Genetics Laboratory, Department of Zoology, University of Johannesburg, pers. comm., 05 June 2012) it was previously believed that a minimum population size of 500 animals was required to maintain a genetically viable population. However, it is now recognised that this will depend on many aspects, including genetic heterogeneity and speciesspecific traits, although the absolute minimum population should preferably not be less than 50 breeding animals. Nevertheless, at the time of its declaration in 1931, the Addo Elephant National Park contained only 11 elephants, Loxodonta africana, whilst this population now numbers in excess of 700 animals (Preller 2008) .
Three hypotheses were briefly studied here. The first was that the ranges of leopards in the most arid south-western portion of the Kgalagadi Transfrontier Park will be larger than in mesic regions. The first was that the ranges of leopards in the arid south-western portion of the Kgalagadi Transfrontier Park will be large. The second that behavioural adaptations such as range use overlap by adult males may impact on the viability of the size of this conservation area
The range use patterns of adult leopards were used to examine the impact of environmental quality on conservation area size in the arid south-western portion of the Kgalagadi Transfrontier Park in southern Africa. ) for females. Overlaps in range use within and between the sexes and the size of this conservation area make it possible to sustain a genetically viable population of leopards in this arid environment.
Conservation implications:
When establishing conservation areas that contain large carnivores in arid and semi-arid regions, prey abundance and range use should be considered for the area to be able to sustain viable populations of such carnivores. The results emphasise the importance of establishing large transfrontier conservation areas where individual conservation areas are too small to do so. This study is the first to do so for leopards in southern Africa.
for leopards. The third was that an adult male and female would probably only make contact when she was in oestrus.
Study area
The Kgalagadi Transfrontier Park is a combination of the Kalahari Gemsbok National Park of South Africa (9591 km 2 ) and the Gemsbok National Park of Botswana (28 400 km 2 ) and hence has a surface area of 37 991 km 2 . The ambient temperature and annual rainfall vary greatly, with daytime temperatures as low as −10.3 °C and as high as 45.4 °C in the south-western region. The erratic annual rainfall has a mean of 185 mm in the south-western, and 450 mm in the north-eastern regions. The variable, and often localised, rainfall affects primary productivity and causes the larger herbivorous mammals (potential leopard prey) to be distributed unevenly in time and space (Bothma & Mills 1977; Van der Walt et al. 1984; Van Rooyen et al. 1990 ). There are 20 landscapes in the Kalahari Gemsbok National Park, with dunes featuring prominently in many of them (Van Rooyen et al. 2008) . This study was conducted in the most arid south-western portion of the Kgalagadi Transfrontier Park.
Research method and design
The range sizes that were calculated by Bothma et al. (1997) were based on very high frequency (VHF) radio-collar locations that were analysed with early kernel methods for 95% (total range use) and 50% (core area of use) isopleths. To standardise these according to currently accepted approaches (Börger et al. 2006) , the original data were re-analysed with the ArcView 3.2 Version 1.1 and the Animal Movement Extension to ArcView software (http://esri/software/ arcgis/arcview) of Hooge and Eigenlaub (1997) and by using 90% and 50% isopleths respectively. The data are based on the geographic locations of three adult males from 10 June 1988 to 16 November 1989 and five adult females from 15 October 1987 to 11 October 1992 (Bothma et al. 1997 ).
In addition, global positioning system (GPS) data on three adjacent adult males and two females later became available for range use overlap studies. The locations of an adult male and female relative to each other were then also recorded daily from 14 November 2000 to 03 April 2001 after they were collared on the same day, 15.8 km apart. These and all the more recent location fixes were based on the use of Earthspan satellite GPS radio-collars that were linked to an Argos satellite. Only those locations with a location fix accuracy of 350 m or less were used in these analyses.
Results
Maps of the original localities of occurrence of the leopards studied over time appear in Bothma et al. (1997) ) for the females, but core areas of range use were not calculated by Bothma et al. (1997) . There was a mean overlap of 48.3% (SE M 18.67%) of range use by three adult males and one of 30.6% by two adult females. The three males used a mean of 30.0% (SE M 8.15%) of the ranges of two females and the two females one of 51.6% of the ranges of the three males.
The adult male and female that were GPS-collared close to each other yielded 388 accurate location fixes for the male and 618 for the female. The collar of the male stopped functioning on 03 April 2001 and data gathering for the female ceased on 14 July 2001. On four of the 104 days of study, these locations were within 100 m of each other (well within the margin of error of the location fixes that were used) or concurred. These incidents were 33, 35, 35 and 37 days apart, with a mean interval of 35.0 days (SE M 0.82 days). They all occurred within a 294.5 km 2 portion (27.2%) of the total range of 1082.5 km 2 that was used by the male during the 104 days of daily satellite tracking. Three of the four incidents were within the area of overlap between the ranges of the male and female. In the exception, the female had moved deeper into the range of the male. One incident was in the core area of range used by the female and two in the core area of range used by the male. On the days before possible contact, the male and female were a mean of 3.1 km apart (SE M 0.96 km), and on the days following such an incident, one of 8.2 km (SE M 1.50 km) apart. On the other 98 days of the study, they were a mean of 17.4 km (SE M 0.93 km) apart.
The above-mentioned male and female leopards did not use all parts of their total ranges or the core areas of these ranges every month. For the four months that data were available, the male used a mean of 72.1% (SE M 9.58%) of his total range and 77.4% (SE M 6.30%) of his core area of range per month. For the eight months that data were available for the female, she used a mean of 43.4% (SE M 11.18%) of her total range and 54.5% (SE M 15.15 %) of her core area of range per month.
Ethical considerations
The leopards were collared by staff of South African National Parks, South Africa, according to national and international guidelines that existed there and at the University of Pretoria at the time of the study. The project was formally approved by the then South African National Parks Board. No formal ethical protocols were applicable at the time of the research for the Univeristy of Pretoria or the South African National Parks. No students or other field researchers were involved in collecting the data because the data were downloaded from orbiting satellites. The leopards were darted and fitted with GPS radio collars according to accepted norms and were not approached or handled subsequently. The staff involved had the medical benefits of their organisation. The data used here were only used by the authors.
Trustworthiness
The results and conclusions drawn are based on the observations of the senior author who conducted the data interpretation following the Geographic Information Systems (GIS) analysis.
Reliability
The techniques used are generally accepted for repetitive range use studies at a given time although it is recognised that changing environmental conditions can yield variations in it. This is a normal ecological occurrence. However, the same general pattern of range use will emerge even if the specific data were to change to some degree. It is the pattern and not the specifics which is important to generalise the theory.
Validity
The hypotheses that were tested and accepted validate the generalised theories that were developed.
Discussion
Whilst the use of kernel estimates for range use calculation was questioned by Hemson et al. (2004) , subsequent studies have confirmed that it is an efficient method to do so provided that 90% isopleths are used to estimate the total area of range use and 50% isopleths to estimate the core area of range use (Börger et al. 2006) . However, the minimum convex polygon method should rather not be used (Nilsen, Pedersen & Linnell 2008 ). In the current study, the data that were derived from VHF and GPS tracking were not combined because of possible biases when using two different methods to collect the data.
The mean interval of 35 days between possible contacts between the male and female fits the known mean interoestrus period of 46 days (range: 20-55 days) in leopards (Sadleir 1966) . This seems to indicate that an adult male and female leopard will only make contact when the female is in oestrus.
Given the mean range use overlap that was found within the leopard sexes in this study, the Kalahari Gemsbok National Park portion of the Kgalagadi Transfrontier Park is expected to be able to support 10 adult males and 25 adult females (total population: 35) whilst the Gemsbok National Park is expected to be able to support 37 adult male and 99 adult female leopards (total population: 136). The combined conservation area therefore seems to be large enough to support 171 adult leopards, which is more than the proposed minimum population of 50 leopards to maintain a genetically viable population, but the Kalahari Gemsbok National Park portion alone cannot do so. However, the leopard population in the Kgalagadi Transfrontier Park may well be larger, because the study was done in the most arid south-western portion, whilst Funston (2001) found 4.5 times more leopard tracks in the north-eastern part of this park than in the south-western portion. This difference could be linked to an expected higher primary productivity (Coe et al. 1976) in the north-eastern portion because the rainfall in this park increases from the south-west to the northeast. Therefore, the real population size of leopards in the Kgalagadi Transfrontier Park may potentially be greater than when it is based only on the data from the south-western portion of it. Moreover, the extent of range use overlap of possible uncollared leopards in the study is unknown.
The large variations in range size and use that were found made valid statistical analyses of the means impossible to calculate because they led to large standard deviations and errors of the means. Moreover, it is extremely difficult to find and collar all the possible leopards in a study of range use in the vast and largely trackless southern Kalahari. Because prey distribution and abundance appear to determine the range size of adult female leopards and their range sizes will influence those of the males, the range use by leopards in the Kgalagadi Transfrontier Park must respond over time to the rainfall variations that affect the abundance and distribution of the larger herbivore prey (Bothma & Mills 1977 , Van der Walt et al. 1984 Van Rooyen et al. 1984) . Although leopards also prey on a wide range of other prey, their main prey animals are herbivores in the size range from 20 kg to 70 kg (Bothma & Le Riche 1984 , 1986 , 1994 .
Conclusion
The range sizes and range use overlaps of the leopards in the southern Kalahari are the largest recorded in the world. Because leopards occur in a wide range of habitats, the size of conservation areas that contain leopards should take the variation in their range size use in various habitats into consideration so as to ensure that they can contain genetically viable populations. Adaptations in social behaviour such as the within-sex range use overlap that is found in prey-poor, arid regions make it possible for the prey-poor conservation areas such as the Kgalagadi Transfrontier Park to support a larger leopard population than would be the case if no range use overlaps occurred. This study therefore confirms the value of creating large conservation areas, especially in arid regions, where large felids occur.
The results support the hypotheses that the ranges of leopards in semi-arid and arid regions are larger than in mesic ones and that behavioural adaptations such as range use overlap between adult males may impact on viable conservation area size for leopards because they would have had to have been larger if no overlaps occurred. The admittedly small sample size of the distance and contact between an adult male and female within her oestrus cycle also confirms the extensive spoor tracking data, which showed that adult leopards in the southern Kalahari are largely solitary and that they only make contact when a female is in oestrus (Bothma & Le Riche 1995) .
The study opens up an interesting avenue of future research. A study of leopard range use at selected intervals along the rainfall gradient from the more arid south-western to the wetter north-eastern region of this park, combination with prey distribution and abundance studies and genetic analyses of the leopards, should more conclusively indicate the influence of this environment on leopard range use. It should also confirm whether the Kgalagadi Transfrontier Park contains a genetically viable leopard population or not. A study of the range use by leopards at selected intervals along the more arid south-west to wetter north-east rainfall gradient will enable the more accurate calculation of the leopard population in this park. A similar study of prey abundance and distribution will explain the range use patterns more clearly. Genetic analyses will be conservationally important. In combination, these studies will help to determine whether this transfrontier park can sustain a genetically viable leopard population or not.
